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ABSTRACT

It has been shown that distorted natural speech, in
which all formant information except the second formant
frequency has been suppressed, yields articulation scores
as high as 92% for monosyllabic English words out of
context. Whistled speech, in which the period of a muiti—
vibrator is controlled by é second formant tracker, yields
articulation scores near zero. If a random noise source, oOr
a source with period equal to the glottal rate is used to
vary the zero-axis crossing times of the whistled speech,
the sounds become speech-like and articulation scores
increase. The spectrograms for these three approximations
to speech are virtually indistinguishable. It appears that
the gross formant structure (dynamic information) conveys
the word-based cues necessary for distinguishing among
different sounds, whereas the excitation (structural
information) conveys the cue that the sound is indeed

a speech sound.
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INTRODUCTION

The advent of computers has created a need for communi-
cating with machines in natural language. This need has been
intensified by the desire of scientists to have direct verbal
intercommunication with space vehicles and the sensing equip-
ment used in deep space probes. Finally, the relative scar-
city of bandwidth available for communicating with these vehi-
cles makes bandwidth compression of audio signals imperative.

In nearly all studies of human speech made so far,
emphasis has been placed on finding those features of a
particular speech sound which distinguish it from all other
speech sounds. Opinion has differed as to whether a bionic or
a non-bionic approach should be used in these investigations.
It can be argued, for example, that a machine is not neces-
sarily subject to the same constraints and limitations as the
ear-brain system and that the parameters and the processes
used by this system to identify speech sounds may not, there-
fore, be the more efficient and reliable for achieving speech
recognition by machine. If the communication channel is one
way only, from man to machine, then the above reasoning is
entirely justified. If, however, communication is to be
established in the other direction, from machine to man, the
speech synthesized by the machine must include those features

of the speech signal which enable sounds or words to be



differentiated by a human listener. But this is not all. It

will be shown that before a sound can be processed by the
ear-brain system as a speech sound at all, it must contain not
only the distinguishing features of a particular word or sound
but also contain certain structural features common to all
speech sounds.

Before proceeding to the descripti on of an experiment
which places the importance of such structural information
beyond doubt, it is well to consider the implications of some
of the work already performed in speech analysis and speech
synthesis. It ﬁas been well established that spectrograms of
speech contain sufficient information to enable any speech sound
to be visually identified in context. More specifically,
identification is achieved by observing the relative positions
of the formants and by making conclusions about the type of
energy source (noise or glottal pulses) by which the spectrum
is excited. The standard spectrogram is a poor guide for
determining the relative amplitudes of the formants, so that
this information, if desired, must be obtained by other means.

The ability of human subjects to recognize speech sounds
from their visual representation in spectrograms is no guar-
antee that the same formant and excitation information is used
by the ear for recognition purposes. It merely establishes that
sufficient information is contained in the formant structure to
permit differentiation of speech sounds to be achieved by eve.
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The adequacy of the formant representation in synthesizing

speech for recognition by the ear can only be established by

showing that synthetic speech having a formant structure
similar to that of the original speech is indeed recognizable
by human subjects. This has been established beyond doubt in
several laboratories by a variety of methods including the use
of vocal tract analogs, channel vocoders, and formant vocoders.
In formant vococders the frequencies and amplitudes of the
first three formants plus information about the energy sources
of the spectrum are extracted from the input speech in the
analyser and are transmitted to the synthesizer. Apart from the
difficulties and uncertaintiés involved in extracting this
information from speech signals in real time, the bandwidth
required for transmission of such information permits only a
modest bandwidth compression when this system is compared to
conventional audio channels which transmit speech of comparable
quality and intelligibility. But the soundness of the formant
approach to speech synthesis is not thereby invalidated. It
can only be hoped that much of the information transmitted in
the above process is»either redundant or otherwise useless.
This is, in fact, the case. A study of data from
spectrograms and vocal tract analogs reveals that there is a
strong functional interdependence not only between the first

1,2
three formants, but also between their relative amplitudes .



Fant has shown that once the first three formant frequencies
are specified, the relative amplitudes of these formants are
uniguely determined3. This functional interdependence is due
to physical constraints within the wvocal tract which guarantee
that certain combinations of formant frequencies and formant
amplitudes can never be produced by the human vocal apparatus.
Much of the information about frequencies and amplitudes of
these formants is then clearly redundant.

An experiment performed by the author has shown that
distorted natural speech in which all formant information
except the second formant frequency has been suppressed yields
articulation scores as high as 92% for monosyllabic English
words out of context (4). The highest score in a similar
experiment in which all formant information except the first
formant frequency was suppressed was 16% (5). In both cases,
the amplitude of the formant selected was maintained at a
constant level by infinite amplitude clipping. It can be
concluded that, for most speech sounds, information about the
first and third formants is highly redundant. Consequently,

a much greater degree of bandwidth compression can be achieved
by sending to the synthesizer information concerning only the
second formant frequency and excitation information.

The precise significance of excitation information has

yet to be determined. Certainly much of the emotional content



of speech is expressed by inflexion and stress and these are
merely the linguistic correlates of the pitch and amplitude

of the excitation signal. The presence or absence of voicing
can be used to distinguish betwéen the so-called voiced and
unvoiced consonants but this is obviously a redundant feature
since these sounds can be reliably distinguished in whispered
speech. From all available evidence it seems unlikely that any
of the perceptual cues which enable speech sounds to be
distinguished one from the other is carried solely by the
excitation information. But is it possible to generate intel-
ligible synthetic speech without making use of this information?
The following experiment will elucidate this point and lead

us to a discussion of catalytic or structural features of

speech which serve merely to identify it as such.

THE GENERATION OF WHISTLED SPEECH

It has been shown above that distorted natural speech in
which all formant information except the second formant
frequency has been suppressed is still highly intelligible.
Spectrograms of this distorted speech show that the behavior
of the second formant frequency is undisturbed by the dis-
tortion process. Higher frequency bands appearing in the
spectrograms are directly attributable to harmonics of the

second formant frequency introduced by the clipping process.
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Since the second formant frequency contains so.much
information necessary for distinguishing between speech sounds,
is it then possible to generate intelligible synthetic speech
whose only similarity to the original speech is the behavior
of its second formant.freqdency? Two experiments were performed
in an attempt to answer this question.

A block diagram of the test apparatus for the first of
these experiments is shown in Figure 1. Speech from the micro-
phone enters a second formant tracker whose output is a voltage
proportional to the second formant frequency:-of the incident
speech. A detailed description of this second formant tracker
is available elsewhere (6). Basically, this device computes a
running average of the number of axis crossings pef second of
the filtered and infinitely clipped "second formant speech"
mentioned earlier.

The output of the tracker is used to control the
repetition frequency of a multivibrator. To achieve this,
two additional transitors are included in an otherwise basic
multivibrator circuit to provide approximately constant
current sources for linearly charging the timing capacitors
of the multivibrator. The magnitude of the charging current
is controlled by the output of tﬁe tracker. Divergence from
linearity of less than 3% between the control voltage and

the multivibrator frequency was obtained over the entire
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Figure 1. Experimental System for the Generation of Whistled Speech.



range of the second formant frequency.

A gate is used to assure silence during the silent
intervals of the speech signal. It is dpened and closed by a
voice operated switch. This voice operated switch is formed of
‘a combination. of two devices which detect the presence of
voicing or of noise excitation in the input speech. If either
one or both is present, the voice operated switch turns on.

A noise generator is shown in the block diagram, but

for the moment it is assumed that its oOutput is set to zero.

RESULTS

The synthetic "speech" produced by this device sounds
like an interrupted whistle which, to untrained ears, is
completely unintelligible. Yet, superficial examination shows
that its spectrogram corresponds closely to that obtained for
filtered and clipped "second formant speech" whose intelligibility
was as hidh as 92%. Subjects who heard these sounds, reported
that they in no way associated them with speech. Even when told
that this was a type of synthetic speech, the subjects had no
success in identifying words even out of a small set such as
the spoken digits. After considerable practice and with the
aid of a long professional acquaintance with the behavior of
the second formant frequency in words and phrases, the author

was able to .classify correctly a few simple words out of a



restricted set.

The observation reached on consideration of these
results was that, if the second formant frequency does indeed
convey much of the information necessary for discriminating
between speech sounds, it is presented to the ear in this case
in a form which does not allow the normal processing to take
place. What then are the factors present in the filtered-
clipped speech which are not contained in whistled speech?

An examination of the waveform of the highly intelligible
filtered and clipped speech reveals that, during periods of
voicing, a basic periodicity at the glottal rate is observable
in the waveform. This implies that there is some energy in the
spectrum at the glottal rate. It is so small, however, as to
be undetected in the spectrograms, Nevertheless, its presence
is undeniable and is most easily seen by observing in the
waveforms a resynchronization'of the second formant oscillation
at the beginning of each new glottal period.

An attempt was made to incorporate this feature into the
whistled speech by resynchronizing the multivibrator by means
of a pulse at typical glottal intervals (here 150 Hz) during
voiced periods of the original speechf This step produced no
noticeable improvement. A further step was taken to give more
prominence to this basic periodicity at the glottal rate.

During the voiced intervals of speech the envelope of the



multivibrator output was modulated at a glottal rate such that
between glottal pulses, the amplitude of the oscillations

" decreased exponentially. The synthetic sound produced was
still totally unacceptable as speech.

A study of waveforms of the filtered-clipped-speeCh for
unvoiced or whispered sound reveals that the time intervals
between axis crossings show considerable variation about the
average interval corresponding to the period of the second

formant frequency. On the basis of this evidence it was

decided‘to add white noise to the control signal entering the
multivibrator. Addition of noise causes a random variation in
the length of each multivibrator half cycle while not altering
the average duration of these cycles as determined by the
second formant tracker. The action of the noise source can be
regarded as a form of frequency modulation or random vibrato
about the average output frequency.

This synthetic sound was regarded by listeners as quite
"speech-like" and vowel glides were accurately recognized.
The overall intelligibility was very low but the listeners
clearly associated the sounds with speech. The typical reaction
could be summed up as follows: "I know it's speech but I
can't quite make it out." It was then decided to add to fhe
formant control voltage a signal repetitive at a typicalk

glottal rate.ﬁThis'produced'a frequency modulation:. of the
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second formant carrier at the glottal rate. Rectangular waves
of different duty ratios as well as sine waves were tested
for the glottal modulating signal. In all cases the listeners
reported that the sounds were speech-like and had a

definite pitch. Again a few'simple glides were recognized.

INTERPRETATION OF RESﬁLTS

If this device is to be judged solely on its abiiity to
produce intelligible speech it has certainly proved a
spectacular failure; But before too harsh a judgment is pro-
nounced, two facts should be kept firmly in mind. The first of
these is that speétrograms’of whistled speech and spectrograms
of highly intelligible "second formant SPeech" are virtually
indistinguishable. The second is that synthetic speech yielding
intelligibility scores as high as 45% has been produced in
another machine (see reference 6) Which utilizes the very

same time variant information used in the production of

whistled speech.

Let us consider the similarity observed between the
spectrograms of "second formant speech" and whistled speech.
It musf be remembered that a normal épectrograph is a wide
band or low Q device. If a pure tone is used as input, the
corresponding frequency‘band in the spectrogram is not a fine

line but a broad band centered around this frequency.

11



Similarly, for a square wave input (such as whistled speech)
there are broad bands at the fundamental and at the wvarious
harmonic frequencies. Even when a modést perturbation is
imposed on the frequency of a square wave no change is obser&ed
in the spectrogram. Yet it is clear from the above tests that
it is the fine structure of the spectrum, missing in an
Qrdinary spectrogram, which determines whether or not :the
ear accepts the sounds as speech.

It appears then that there are two types of information
in a speech signal. One type, the dynamic information, conveys
the word-based information necessary for distinguishing
between different speech sounds. It can clearly be identified
with the gross behavior of the formants and, therefore, with
the articulatory gestures of speech. The other type, the
structural information, conveys one message only: that the sound
is indeed a speech sound. The first type has been exhaustively
investigated; the second, though obviously present in all forms
of intelligible synthetic speech, has yet to be isolated and
thoroughly defined. It is hoped that further research in
the near future will lead to an accurate description of the
structural features. Such knowledge will be of immense value

in our understanding of speech perception.
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